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Observation of total omnidirectional reflection from
a one-dimensional dielectric lattice
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We show that under certain conditions one-dimensional dielectric lattice possesses total omnidirec-
tional reflection of incident light. The predictions are verified experimentally using Na3AlF6/ZnSe
multilayer structure developed by means of standard optical technology. The structure was found to
exhibit reflection coefficient more then 99% in the range of incident angles 0–86◦ at the wavelength
of 632.8 nm for s-polarization. The results are believed to stimulate new experiments on photonic
crystals and controlled spontaneous emission.
PACS numbers: 42.70-a; 42.25-p; 41.20-Jb
The concept of photonic crystals is one of the chal-
lenging issues in modern condensed matter and optical
science. Photonic crystals are periodic dielectric struc-
tures which offer a possibility to build up photon density
of states in a similar way to electron density of states in
conventional solids. Since the first pioneering works on
this subject [1–3] a great progress has been achieved in
calculation of photonic band structures of one- (1D), two-
(2D), and three-dimensional (3D) photonic crystals and
a lot of novel applications in photonic devices have been
proposed (see [4–6] and refs. therein). In particular, com-
plete 3D photonic ban gap can be developed in a properly
designed 3D photonic crystal. Spontaneous emission of
atoms and molecules will be inhibited in such a crystal.
A semi-infinite photonic crystal will exhibit total omni-
directional reflection of incident light. These issues are of
great scientific and practical importance. For the optical
range, within which the main applications are expected,
most of experimental efforts were concentrated at 2D and
3D photonic crystals [7–14]. However, to get a complete
3D photonic band gap one has to build a perfect 3D di-
electric lattice with the refraction index contrast equals
to 2 or even higher. This still remains a serious techno-
logical problem.
In this Communication, we report that total omnidi-
rectional reflection does not require a 2D or 3D photonic
crystal [15]. We demonstrate theoretically and exper-
imentally that under certain conditions a 1D photonic
crystal can exhibit total reflection for all incident angles.
One-dimensional photonic crystal, which is nothing else
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but a well-known dielectric mirror consisting of alternat-
ing layers with a low, n1, and high, n2, indices of refrac-
tion, are much easier to fabricate than 3D one. Therefore
the existence of a total omnidirectional reflection in a case
of properly designed finite 1D dielectric lattice offers an
alternative possibility to control the propagation of light.
When the plane electromagnetic wave propagates in a
1D periodic structure in the oblique with respect to the
layers interfaces directions, only the normal component
of the wave vector is involved in the band gap forma-
tion. The relative position of the band gap is shifted
towards the higher frequencies with the internal angle
and the overall forbidden gap is always closed up. Due
to the loss of the degeneracy between polarizations the
forbidden gaps do not coincide for the two fundamen-
tal polarizations. An obvious and common property of
a 1D periodic structure follows: there is no an absolute
nor complete 3D photonic band gap. In Fig. 1 the pho-
tonic band structure for a typical 1D photonic crystal
with n1 = 1.2, δn = n2/n1 = 1.6 and a filling frac-
tion η = d2/d1 = 1.0 is shown in terms of normalized
frequency ωΛ/2pic and the internal angle in the low in-
dex layer. Here d1, d2, Λ = d1 + d2, ω and c are the
thicknesses of the layers, the period of the structure, the
frequency and the speed of light in vacuum, respectively.
The band structure has been calculated using the analyt-
ical form of the dispersion equation (see e.g. [16]). The
overall forbidden gaps are closed up both for s- and p-
polarizations (Fig. 1). The internal angles, for which the
forbidden gaps are closed up, are depicted by the vertical
dotted lines. However, when electromagnetic wave illu-
minates the boundary of the semi-infinite 1D photonic
crystal, the possible values of the internal angles are re-
stricted by the Snell’s law. The higher are refraction
1
indices of the layers with respect to the medium out-
side the crystal, the narrower is a cone of internal angles.
The solid line in Fig. 1 corresponds to the maximum in-
ternal angle in case of ambient medium with refraction
index n = 1. For the presented structure (Fig. 1) the
overall forbidden gap is opened for all incident angles in
the case of s-polarized wave and within angular aperture
about ±60◦ in the case of p-polarized wave. Due to the
Brewster effect on the interface of low and high index
layers, the forbidden gap is always narrower and closed
up at smaller internal angle for p-polarized wave than for
s-polarized one. If the index of refraction of the ambient
medium is smaller than n1 sinαB , which corresponds to
the Brewster angle αB on the interface of low and high
index layers, and the index contrast in the layers is suf-
ficiently large, the overall forbidden gap can be opened
for all incident angles both for s- and p-polarized radia-
tion. No propagating mode are allowed in the photonic
crystal for any propagating mode in the ambient medium
within such forbidden gap and the total omnidirectional
reflection is developed. The detailed analysis of required
conditions to obtain an absolute omnidirectional total
reflection with 1D photonic crystals will be published in
forthcoming paper [17].
To verify the predictions we fabricated a lattice con-
sisting of 19 layers of Na3AlF6 (n1 = 1.34 in a wide
spectral range within the visible) and ZnSe (n2 =2.5–2.8
in the visible range). The thickness of each layer was
equal to d1 = d2 = 90 nm, the period of the lattice be-
ing d1 + d2 = 180 nm. The calculated photonic band
structure of the lattice is presented in Fig. 2 in terms of
wavelength and incident angle. The absolute omnidirec-
tional photonic band gap exists in the spectral range of
604.3–638.4 nm (the grey area in Fig. 2). The gap to
midgap ratio is about 5.5%. The calculated transmission
spectra for s- and p-polarizations at different incident an-
gles are depicted in Fig. 3. There are clear overlapping
stopbands for both fundamental polarization at any given
incident angle, that is, the total reflection occurs within
wide angular aperture. For calculations of the spectra we
used the characteristic matrix method [18].
Transmission spectra for s- and p- polarizations at dif-
ferent incident angles in the range of 0–60◦ were mea-
sured using a ‘Cary 500’ spectrophotometer (Fig. 4). A
good agreement with theoretically predicted spectra is
obtained. From Fig. 4 one can see that for spectral range
600-700 nm the transmission coefficient is very low for
both polarizations even at 60◦. The absolute values of
transmission for s-polarization in spectral range of 630-
700 nm was less than 0.001 within ±60◦ aperture that
corresponds to the reflection coefficient 99.9%. To ex-
amine transmission of this structure more precisely in
a wider angular range, a simple set-up consisting of a
He-Ne-laser and a CCD-detector was used. This set-
up allows directly determine transmission coefficient of
samples at angles up to 70◦. For larger angles we have
to measure reflection coefficient of samples. Dependence
of transmission coefficients of investigated structure for
s- and p-polarized incident radiation of He-Ne-laser at
632.8 nm upon angle of incidence is presented in Fig. 5.
For p-polarization circles mark directly measured trans-
mission coefficient, and squares mark data obtained from
reflection measurements. Mismatch between them can be
attributed to additional reflection from substrate-air and
air-ZnSe interfaces. The solid (dashed) curve in Fig. 5
depicts theoretically calculated transmission coefficients
for s- (p-) polarized light, the reasonable agreement with
experiment is obtained. As can be seen from Fig. 5 trans-
mission coefficient of p-polarized radiation remains below
2 · 10−3 in a wide angular range. Due to the Brewster ef-
fect on air-ZnSe interface at large angles it rises up to 0.33
at 80◦ and then decreases again. On the contrary, trans-
mission of s-polarized radiation monotonously decreases
with growing angle of incidence (Fig. 5). Transmission
coefficients less than 10−5 are beyond the possibilities of
experimental set-up used. For this reason transmitted
signal at more than 60◦ cannot be detected. Because of
this, data points for s-polarization at these angles are not
presented in Fig. 5.
To summarize, at 632.8 nm the examined structure ex-
hibits reflection coefficient for s-polarization more than
99.5% in the angle range of ±85◦. Wider angular aper-
ture is beyond the possibility of our set-up. However,
there is no doubt that reflection remains very high out-
side the examined angle range as well. With respect to
p-polarization the reflectivity can be enhanced in struc-
tures with larger number of layers and higher refraction
indices.
In conclusion, we have shown theoretically and exper-
imentally that one-dimensional dielectric structure can
possess total omnidirectional reflection of incident light.
Such a structure can be developed by means of standard
fabrication techniques which are routinely used in op-
tical industry. These findings are believed to stimulate
new experiments on controllable spontaneous emission of
atoms, molecules and solid state microstructures in the
optical range [19].
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FIG. 1. Photonic band structure of a typical 1D photonic
crystal in terms of normalized frequency ωΛ/2pic and the in-
ternal angle in the low index layer. The solid (dashed) curves
are for s- (p-) polarization bands. Here, n1 = 1.2, δn = 1.6
and η = 1.0.
FIG. 2. Photonic band gap structure of semi-infinite peri-
odic Na3AlF6/ZnSe lattice in term of wavelength and incident
angle. The solid (dashed) curves are for s- (p-) polarization
bands. The grey area is the absolute omnidirectional band
gap.
FIG. 3. Calculated transmission spectra of Na3AlF6/ZnSe
19-layer structure for s-polarized (a) and p-polarized (b) light
at different angles of incidence (0◦ – solid line, 20◦ – dashed
line, 40◦ – dotted line, 60◦ – dash-dot-dotted line). The lower
triangles indicate the edges of the absolute omnidirectional
band gap.
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FIG. 4. Transmission spectra of Na3AlF6/ZnSe 19-layer
structure measured for s-polarized (a) and p-polarized (b)
light at different angles of incidence (0◦ – solid line, 20◦ –
dashed line, 40◦ – dotted line, 60◦ – dash-dot-dotted line).
The lower triangles indicate the edges of the absolute omni-
directional band gap.
FIG. 5. Dependence of transmission coefficient of
Na3AlF6/ZnSe structure upon angles of incidence at wave-
length of 632.8 nm (HeNe-laser) for two polarizations of in-
cident light. For p-polarization circles depict directly mea-
sured transmission coefficients, squares depict transmission
coefficients calculated from reflection measurements data. For
s-polarization (upper triangles) signal at angles more than 60◦
is out of sensibility of used experimental set-up. The solid
(dashed) curve depicts theoretically calculated transmission
coefficients for s- (p-) polarized light.
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